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Abstract: Grape seed extract (GSE) is a natural source of polyphenolic compounds and secondary
metabolites, which have been tested for their possible antimicrobial activities. In the current study,
we tested the antibacterial and antifungal activities of aqueous GSE and the biosynthesized silver
nanoparticles loaded with GSE (GSE-AgNPs) against different pathogens. The biosynthesized GSE-
AgNPs were assessed by UV spectroscopy, dynamic light scattering (DLS), field emission scanning
electron microscopy (FE-SEM), transmission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FTIR), and gas chromatography/mass spectrometry (GC/MS). The antimicrobial
activities were assessed against different bacterial and fungal species. DLS analysis showed that
GSE-AgNPs had a Z-Average of 91.89 nm while UV spectroscopy showed that GSE-AgNPs had
the highest absorbance at a wavelength of ~415 nm. FTIR analysis revealed that both of GSE and
GSE-AgNPs consisted of different functional groups, such as hydroxyl, alkenes, alkyne, and aromatic
rings. Both FE-SEM and TEM showed that GSE-AgNPs had larger sizes and rough surfaces than GSE
and AgNO3. The results showed significant antimicrobial activities of GSE-AgNPs against all tested
species, unlike GSE, which had weaker and limited effects. More studies are needed to investigate
the other antimicrobial activities of GSE.

Keywords: grape seed extract; sliver nanoparticles; UV spectroscopy; DLS; FTIR; FE-SEM; TEM;
GC/MS; antimicrobial activities

1. Introduction

The use of natural organic materials in the food industry (e.g., plant extracts to replace
chemical or synthetic antimicrobials and antioxidants in the treatment of various food-
borne pathogens) is trending worldwide [1]. Furthermore, drug resistance and decreased
biosafety levels have prompted researchers and microbiologists to seek natural alternatives
of known and confirmed antimicrobial characteristics [2]. The usage of plant extracts in folk
medicine and pharmaceutics is because they are rich in polyphenols, quinones, flavonoids,
alkaloids, and lectins [3].

Grape seed extract (GSE) is rich in polyphenolic compounds and secondary metabo-
lites, which have significant antimicrobial activities against different pathogens, such as
Gram-negative and Gram-positive bacteria [4]. The effectiveness of GSE inhibition depends
on the concentration of the extract, percentage of phenols, and the type of bacterium [5].
Furthermore, GSE was tested for its possible anti-inflammatory, cardioprotective, chemo-
preventive, anticarcinogenic, and antioxidant activities, which might be of pharmacological
and medical importance [6]. Similar to most natural products, GSE is almost safe, with
an intended uptake for up to 11 months in human studies without any significant side
effects. Moreover, the food and drug administration (FDA) has generally recognized it as
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safe (GRAS notice (GRN) no. 658) [7]. This shows that GSE is a promising antimicrobial
agent in medical and non-medical studies and applications.

The pH and solubility levels are key regulators of the antimicrobial effects of different
plant extracts, which can further affect the sensibility of some microbes to the inhibitory
effects [8]. The unique, superior, and indispensable properties of nanomaterials have
resulted in emerging innovative nanotechnology being explored in various biological and
medical studies [9]. The eco-friendly synthesis of monodispersed nanoparticles using
plant extracts (i.e., against various microbial and chronic diseases) has created remarkable
advantages in the pharmacological industry [10].

This current study evaluates the inhibitory effects of aqueous GSE against some
pathogenic bacteria and fungi, and assesses the antimicrobial activities of GSE
green nanoparticles.

2. Results and Discussion
2.1. The Morphological Characteristics the Biosynthesized GSE-AgNPs

One of the most widely-used techniques for the green synthesis of silver nanoparticles
is the method described by Xu et al. 2015. The production of AgNPs in a colloidal form
depends on the physical reduction of an aqueous solution of silver nitrate (AgNO3) [11].
This method has the advantage of a higher purity of synthesized particles due to the
absence of a chemical solvent [12]. The usage of a ceramic heater will concentrate the
solution by evaporation and induce vibrational motion on the surface plasmon, which will
further reduce the silver ions (Ag+) (yellowish) and form spherical NPs (brownish) without
agglomeration [13]. In the current study, GSE was mixed with an aqueous solution of
AgNO3 that turned from light yellow to brown (Figure 1), which indicates the formation of
GSE-AgNPs. It was reported that GSE contains a great variety of polyphenolic antioxidants,
such as proanthocyanidins, which consist of dimers, trimers, tetramers, and oligomers of
monomeric catechins [14], which might explain the ability of GSE to induce an efficient
reduction of Ag+ ions to obtain stable GSE-AgNPs for long-term techniques.
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Figure 1. Physical biosynthesis of GSE-AgNPs. GSE-AgNPs were prepared by boiling with an
aqueous solution of AgNO3 (1 mM), which turned it from light-yellow into brownish-yellow. (A) GSE,
(B) GSE-AgNPs.

To study the characterization of GSE and the formed nanoparticles, several experi-
ments were performed to investigate the different chemical and morphological changes.
The optical properties of GSE-AgNPs are a reflection of their morphological characteristics,
such as size, shape, and concentration [15]. A previous study stated that the UV-excitation
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of colloidal structures of silver nanoparticles can induce a surface plasmon resonance
(SPR) with maximum absorbance of 400–500 nm [16]. In the current study, the UV spec-
troscopy showed that GSE-AgNPs had the highest absorbance broad peak (~1.3 cm−1) at
the wavelength of ~415 nm (Figure 2A), which reflects the surface plasmon resonance of the
synthesized nanoparticles. In accordance with our findings, a previous study showed that
the AgNPs of grapefruit (Vitis vinifera) extract showed a spectral band at 450 nm, where that
higher OD reflected the reduction of the Ag+ ions to form the metallic (Ag0) [17]. Another
study showed that pH induced a shift of the absorbance peaks of AgNPs of different ex-
tracts of grape stalk waste from 307 nm in the acidic medium (pH 2), 450 nm at the neutral
pH 7 with the Milli-Q water as a solvent, and 470 higher pH, which indicated the stability
of aqueous GSE-AgNPs [18]. Another study used two different nanoparticles of silver
and iron of the proanthocyanidin compound isolated from grape seeds and showed that
the silver nanoparticles had higher absorbance (530 nm) compared to iron (380 nm) [19].
All of these studies suggest that silver nanoparticles could be reduced successfully with
GSE aqueous extract using the green physical biosynthesis and that the resulting GSE-
AgNPs will have higher stability compared to other solvents, nanoparticles, or chemical
synthesis techniques.
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Figure 2. Analysis of the physical properties of GSE-AgNPs. The morphological analysis of the biosynthesised GSE-AgNPs
showed their ability to induce higher SPR by UV excitation through either (A) UV spectroscopy, or (B) the size distribution
curve by Zetasizer; three preparations of GSE-AgNPs, at the same concentrations, were used to confirm the results of DLS.

The results of the dynamic light scattering (DLS) analysis showed that GSE-AgNPs
had the Z-Average of 91.89 nm with a polydispersity index (PDI) value of 0.189 and
intercept of 0.943. As shown in Figure 2B, DLS analysis produced the highest peak at
114.7 ± 50.08 nm with 98.7% intensity. In contrast, a previous study showed that the DLS
results of synthesized silver nanoparticles of grapefruit extract had a smaller diameter
size of 19 nm [17]. Another study showed that the solid lipid nanoparticles loaded with
grapeseed or grape skin extracts had mean diameter sizes of 189 ± 2 and 188 ± 18,
respectively, compared to the unloaded SLN with 142 ± 10 nm, and that were used in
the treatment of human brain-like endothelial cells [20]. Another study showed that SLN
particles loaded with grape seed-derived proanthocyanidins had an average diameter size
of 243 ± 24 nm with PDI of 0.41–0.51, which successfully increased the ROS production
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in airway epithelial cells [21]. All of these studies showed that, despite the different sizes
of different nanoparticles of grape extracts, all of them were efficient delivery systems.
To confirm the morphological characteristics of the biosynthesized nanoparticles, field
emission scanning electron microscopy (FE-SEM) and transmission electron microscopy
(TEM) were used. Estimations of different particle sizes were measured by ImageJ version
1.51j8 (National Institutes of Health (NIH), Bethesda, MD, USA) https://imagej.nih.gov/ij/
(accessed on 1 May 2021).

The FE-SEM results showed that the GSE-AgNPs had less-smooth surfaces with an
average diameter size of 103–119 nm compared to the unloaded nanoparticles of 77.7 nm
(Figure 3). However, the results of TEM showed that GSE, AgNO3, and GSE-AgNPs had
diameter sizes of 13–23 nm, 12–18 nm, and 44–49 nm, respectively, which appeared as
spherical dense crystals (Figure 4). These differences in size might be due to the technical
differences between the two techniques, where the higher magnification power of TEM
(100,000×) recognizes the smaller particles, while the too-low magnification power of SEM
(50,000×) will show the particles with wider diameters. Furthermore, SEM is based on
using the reflected or knock-off electron beams, which might show wider sizes due to
the variable morphologies of the particles where TEM is based on, using the transmitted
electrons, which penetrate through the particles to create more accurate images of the
scanned particles [22].

Different studies used these two imaging techniques to evaluate the morphological
characteristics of GSE nanoparticles. In agreement with our findings, a previous study
reported that TEM analysis of AgNPs of grape stalk waste extract had a diameter of
54.3 ± 0.1 nm at pH 6, which decreased with acidic pH 4 to 27.7 ± 0.6 nm [18]. Similarly,
another study showed that TEM images of AgNPs loaded with grapefruit extracts had a size
diameter of 18–20 nm where the particles appeared as crystalline spheres [17]. In contrast,
another study showed that TEM imaging resulted in an average size of 187–191 nm for SLN
nanoparticles of grape extracts [20]. Despite different sizes obtained by these techniques,
all of them confirmed the synthesis of GSE-AgNPs.
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2.2. The Chemical Composition Analysis of the Studied Materials

In addition to the morphological characteristics, it was mandatory to analyze the
chemical composition of the studied materials to investigate more about their functional
groups. To achieve that purpose, the Fourier-transform infrared spectroscopy (FTIR) and
gas chromatography/mass spectrometry technique (GC/MS) were used to analyze the
different functional groups or the phenolic constituents of studied materials. FTIR analysis
of GSE showed seven distinct functional groups of single bonds (alcohol and aliphatic
alkene) and double bonds (olefinic alkene and aromatic rings (polysaccharides). On the
other hand, FTIR analysis of GSE-AgNPs resulted in eight functional groups with single
bonds (alcohols), double bonds (olefinic alkene, aromatic rings, and nitrogen compounds),
and triple bonds (alkynes) (Figure 5, Table 1). The reduction in the number of the functional
alcoholic groups from two in GSE to only one in GSE-AgNPs can be explained by the higher
boiling point of -OH groups [23]. This increases the ability and suitability of nanoparticles to
hydrogen bonding and other chemical reactions, where the biosynthesized GSE-AgNPs are
more stable against these reactions [23]. The stronger triple bonds (alkyne groups) in GSE-
AgNPs might refer to their higher stability, as well, compared to GSE. Both materials had
multiple aromatic compounds, which might be due to the higher polysaccharide content
of the seeds. Furthermore, some nitrogen compounds were detected in FTIR analysis of
GSE-AgNPs, which might be explained by the reaction of the free NO3

− ions with other
products of the grapeseed extract (Table 1). In agreement with our findings, several studies
showed that the FTIR analysis of GSE (water extract) had cis double bond =CH, methylene
-CH2, aromatic C-C-valence, CH3, and CH2 aliphatic functional group [19,24].



Molecules 2021, 26, 6081 6 of 16
Molecules 2021, 26, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 5. FTIR analysis. Nicolet 6700 FTIR Spectrometer was used to identify the functional groups in (A) GSE and (B) 
GSE-AgNPs at the range of 500–4000 cm−1. 

Table 1. The FTIR analysis of the functional groups in the GSE and GSE-AgNPs. 

Tested Material 
Absorption 

(cm−1) Appearance Group Compound Class 

GSE 

3754 Medium, sharp O-H stretching 
Alcohol 

3446 Strong, broad Dimeric O-H stretch 
2927 Strong, broad Methylene C-H asymmetric 

Aliphatic alkene 
1624 Strong Skeletal C-C vibrations (methyne) 
775 Medium Alkenyl C=C stretch Olefinic alkene 
1458 Medium C=C-C aromatic ring stretch 

Aromatic ring 
1058 Medium Aromatic C-H in-plane bend 

GSE-AgNPs 

3276 Strong, broad Hydroxy group, H-bonded OH stretch Alcohol 
2204 Weak  C≡C medial alkyne (disubstituted) 

Alkyne 
2161 Weak  C≡C terminal alkyne (monosubsti-

tuted) 
1992/1966 Weak  Aromatic combination bands Aromatic ring 

2043/2022 Weak 
Transition metal carbonyls, cyanide, 
thiocyanate, or isothiocyanate (-NCS) Carbonyl or inorganic 

1634 Medium  Alkenyl C=C stretch Olefinic alkene 

The GC/MS analysis of GSE showed the presence of five phenolic compounds; 3-
hydroxyflavone, anthocyanins, gallic acid, cianidanol, and epicatechin gallate (Table 2). 
According to the Retention Index (RI) threshold calculations, GSE contained 3-Hy-
droxyflavone, which was reported to have stronger antimicrobial activity against different 
bacterial and fungal strains [25]. Moreover, 47.83% RI revealed the presence of anthocya-
nins, which is a sensitive antimicrobial agent against Candida albicans, Staphylococcus au-
reus, Escherichia coli, Enterococcus faecalis, and Streptococcus pyogenes [26,27]. The flavone 
compounds of gallic acid, cianidanol, and epicatechin gallate had adequate antibacterial 
activities against E. coli, Pseudomonas aeruginosa, S. aureus, and Bacillus subtilis, as well [28]. 

  

Figure 5. FTIR analysis. Nicolet 6700 FTIR Spectrometer was used to identify the functional groups in (A) GSE and
(B) GSE-AgNPs at the range of 500–4000 cm−1.

Table 1. The FTIR analysis of the functional groups in the GSE and GSE-AgNPs.

Tested Material Absorption (cm−1) Appearance Group Compound Class

GSE

3754 Medium, sharp O-H stretching
Alcohol

3446 Strong, broad Dimeric O-H stretch

2927 Strong, broad Methylene C-H asymmetric
Aliphatic alkene

1624 Strong Skeletal C-C vibrations
(methyne)

775 Medium Alkenyl C=C stretch Olefinic alkene

1458 Medium C=C-C aromatic ring stretch
Aromatic ring

1058 Medium Aromatic C-H in-plane bend

GSE-AgNPs

3276 Strong, broad Hydroxy group, H-bonded
OH stretch Alcohol

2204 Weak C≡C medial alkyne
(disubstituted)

Alkyne
2161 Weak C≡C terminal alkyne

(monosubstituted)

1992/1966 Weak Aromatic combination bands Aromatic ring

2043/2022 Weak
Transition metal carbonyls,

cyanide, thiocyanate, or
isothiocyanate (-NCS)

Carbonyl or inorganic

1634 Medium Alkenyl C=C stretch Olefinic alkene

The GC/MS analysis of GSE showed the presence of five phenolic compounds; 3-
hydroxyflavone, anthocyanins, gallic acid, cianidanol, and epicatechin gallate (Table 2). Ac-
cording to the Retention Index (RI) threshold calculations, GSE contained 3-Hydroxyflavone,
which was reported to have stronger antimicrobial activity against different bacterial and
fungal strains [25]. Moreover, 47.83% RI revealed the presence of anthocyanins, which is a
sensitive antimicrobial agent against Candida albicans, Staphylococcus aureus, Escherichia coli,
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Enterococcus faecalis, and Streptococcus pyogenes [26,27]. The flavone compounds of gallic
acid, cianidanol, and epicatechin gallate had adequate antibacterial activities against E. coli,
Pseudomonas aeruginosa, S. aureus, and Bacillus subtilis, as well [28].

Table 2. GC/MS analysis of GSE phenolic constituents.

Phenolic Compound Formula Chemical Structure Molecular Weight MS Fragments
(m/z) RI%

3-Hydroxyflavone C15H10O3
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Several studies reported similar findings for GC/MS analysis of GSE. In the study con-
ducted by Gorodyska et al. 2018, the isopropanol extract of red grape seeds (Vitis vinifera L.)
contained several phenolic compounds, such as gallic acid, ellagic acid, epicatechin,
kaempferol, and myricetin [29]. Another study detected cyanidin, catechin, chlorogenic
acid, gallic acid, ellagic acid, epicatechin gallate, and proanthocyanidin B in the methanolic
extract of grapeseed [30,31]. All of these characteristics show the importance of GSE as a
possible antimicrobial agent.

2.3. Antibacterial Activity of GSE and the Biosynthesis of GSE-AgNPs

In the current study, we tested the inhibitory effect of the aqueous GSE and the biosyn-
thesized nanoparticles on the bacterial growth of two Gram-positive strains (S. aureus and
B. subtilis) and two Gram-negative strains (E. coli and P. aeruginosa), as shown in Figure 6.
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The treatment with either 50 or 100% of aqueous GSE solution resulted in strong inhibition
of B. subtilis and S. aureus, unlike the other bacterial species, which had not been affected.
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On the other hand, the treatment with GSE-AgNPs resulted in stronger inhibition of
all species; moreover, it inhibited the bacterial growth of B. subtilis and S. aureus more than
the inhibition induced by GSE alone. Neither water nor AgNO3 showed any inhibitory
effect on the studied species, which confirms the quality of the experiments. The statistical
analysis by one-way ANOVA (Table 3) revealed that treatments with 50% and 100% doses
of GSE, and GSE-AgNPs induced inhibition zone diameters of 10.5 ± 0.61, 11 ± 0.44, and
13.5 ± 1 mm, respectively, in the plates of B. subtilis, which was significant compared to
untreated plates, p < 0.001. Similarly, in S. aureus plates, the treatments with 50% and 100%
doses of GSE, and GSE-AgNPs induced inhibition zone diameters of 13.5 ± 1.61, 15 ± 2,
and 15 ± 2 mm, respectively, which was also significant compared to the control, p < 0.001.
GSE did not induce any significant inhibition of either E. coli or P. aeruginosa species, while
GSE-AgNPs induced significant inhibition compared to the untreated control p < 0.001.
In all species, treatment with GSE-AgNPs induced stronger inhibition than GSE alone, at
all doses.

Several studies reported the strong antibacterial properties of grape products. A
previous study showed that GSE induced a growth inhibition of 5–7 log CFU/mL and
2.2–2.6 log CFU/mL against Campylobacter jejuni [32] and Alicyclobacillus acidoterrestris [33],
respectively. In agreement with our findings, a previous study showed that the aqueous
extract of Vitis vinifera L. seeds induced significant growth inhibition of B. subtilis and
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S. aureus but not for P. aeruginosa [34]. In contrast, another study showed that only the
petroleum ether extract of grape seeds at 20% were effective against B. subtilis, E. coli,
S. aureus, and P. aeruginosa, while the lower concentrations did not induce any significant
growth inhibition [35]. This effect might be explained because the petroleum ether will
remove fatty material and resale the active materials in the grape seeds, which will induce
a more inhibitory effect. Few studies have shown the significant antibacterial activity of
GSE-AgNPs against B. subtilis [36–38], E. coli [36,38], P, aeruginosa [38], and S. aureus [36,39].
It is known that silver ions can stimulate the production of reactive oxygen species (ROS),
which increase the oxidative stress and DNA fragmentation in cells [40]. However, lower
concentrations of AgNO3 (<5 mM) were found to induce no DNA fragmentation [41],
which explains its null effect in the current study as we used only 0.2 mM. Our results, in
combination with the previous studies, suggested GSE-AgNPs as a possible bactericidal
agent against both Gram-positive and Gram-negative species.

Table 3. The antibacterial effect of GSE and biosynthesized nanoparticles by measuring the inhibition zone diameter (mm).

Strains Control 10%GSE 50%GSE 100%GSE GSE-AgNPs AgNO3

B. subtilis
Mean ± SD 0.07 ± 0.06 0.27 ± 0.21 10.5 ± 0.61 11 ± 0.44 13.5 ± 1 0.5 ± 0.1

p-value 1 0.645 1.13 × 10−11 * 7.02 × 10−12 * 6.13 × 10−13 * 0.327

E. coli
Mean ± SD 0.07 ± 0.12 0.2 ± 0.1 0.3 ± 0.17 0.5 ± 0.1 12.5 ± 1 0.7 ± 0.1

p-value 1 0.706 0.512 0.233 1.35 × 10−13 * 0.092

P. aeruginosa
Mean ± SD 0.07 ± 0.06 0.07 ± 0.06 0.5 ± 0.1 0.7 ± 0.1 13.5 ± 1 0.1 ± 0.1

p-value 1 1 0.226 0.087 4.37 × 10−14 * 0.923

S. aureus
Mean ± SD 0.03 ± 0.06 0.17 ± 0.16 13.5 ± 1.61 15 ± 2 15 ± 2 0.6 ± 0.1

p-value 1 0.904 3.37 × 10−8 * 1.03 × 10−10 * 1.03 × 10−10 * 0.612

* p-value < 0.05 compared to control. SD: standard deviation.

2.4. Antifungal Activity of GSE and the Biosynthesis of GSE-AgNPs

The effect of aqueous GSE on the mycelial growth of were Fusarium solani, Fusarium
oxysporum, Helminthosporium rostratum, and Alternaria alternata. The strains were tested by
the agar well diffusion method (Figure 7). The results showed that GSE had significant
reduction in the growth of all species, except for A. alternata, while the slowest growth was
for H. rostratum by 22.75 ± 0.2 mm compared to the control 87.19 ± 0.07 mm, p < 0.001.
Similarly, treatment with GSE-AgNPs induced stronger mycelial growth inhibition of all
spices than GSE and AgNO3. The maximum inhibitory effect was for H. rostratum by
9.11 ± 0.03 mm compared to control at 87.19 ± 0.07 mm, p < 0.001 (Table 4).

Table 4. GSE and biosynthesized nanoparticles affect the mycelial growth (mm) of the studied fungi.

Strains Control GSE (100%) GSE-AgNPs (0.2 mL) AgNO3 (0.2 mL)

F. solani
Mean ± SD 88.23 ± 0.06 37.5 ± 0.26 17.52 ± 0.03 88.15 ± 0.1

p-value 1 9.96 × 10−20 * 1.21 × 10−37 * 0.999

F. oxysporum
Mean ± SD 88.39 ± 0.15 67.5 ± 0.2 22.53 ± 0.11 88.59 ± 0.11

p-value 1 6.08 × 10−4 * 1.08 × 10−32 * 0.957

A. alternata
Mean ± SD 88.51 ± 0.11 84.91 ± 0.18 14.49 ± 0.15 88.43 ± 0.09

p-value 1 0.459 4.72 × 10−41 * 0.997

H. rostratum
Mean ± SD 88.19 ± 0.07 22.75 ± 0.2 9.11 ± 0.03 88.09 ± 0.13

p-value 1 2.33 × 10−32 * 6.39 × 10−47 * 0.991

* p-value < 0.05. SD: Standard Deviation.
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Several studies had evaluated the antifungal activity of GSE, particularly against
Candida spp. In the study conducted by Eslami et al. 2017, the minimum inhibitory con-
centration (MIC) of GSE against Candida glabrata and Candida krusei was 50 µg/mL, which
showed significant inhibition compared to the control [42]. Another study showed that
GSE at doses of 6–20 mg/L had antifungal activity against C. albicans, as well [43]. In
accordance with our findings, a previous study showed that the ethanolic extract of grape-
fruit tendrils had a significant fungicidal effect against different Fusarium species such as F.
oxysporum, F. culmorum, F. solani, F. coeruleum, F. sporotrichioides, F. verticillioides, and F. tabac-
inum, while another species, Rhizoctonia solani, showed significant resistance [44]. Another
study showed that polymeric proanthocyanidins isolated from grape seeds by ethanolic
extraction had significant antifungal activity against Botrytis cinerea by inhibiting the spore
germination [45]. Another study showed that the lonely application of GSE did not induce
any inhibition of the mycelial growth of A. alternata [46]. To our knowledge, this is the first
study that reported the antifungal activity of aqueous GSE against H. rostratum fungus.

As shown in Figure 7 and Table 4, the biosynthesized nanoparticles almost did not
allow the mycelial growth of H. rostratum (<10%) while F. solani and A. alternata had
minimum and limited growths of about 20% and 17% compared to the untreated plates.
The minimal fungicidal effects of either GSE or GSE-AgNPs were for F. oxysporum that
grow up to 25% of the untreated fungus. Noticeably, even with limited effect, the growth
of F. oxysporum was not semi-circular as in the case of the untreated control, but it looks
more like a condensed amoeboid-shape, which might suggest weak resistance of the fungal
species to GSE-AgNPs. Despite limited studies that demonstrated the antifungal activity
of GSE-AgNPs, some studies showed similar effects of other nanoparticles. In the study
conducted by Sagana et al. 2020, the zinc oxide nanoparticles of aqueous GSE induced
a growth inhibition to 16 mm of C. albicans 24 h post-treatment [47]. Similarly, another
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study showed that titanium oxide nanoparticles of aqueous GSE reduced the growth of
C. albicans to 12 mm compared to the control [48]. All of these studies, in addition to our
findings, highlight the antimicrobial activities of GSE against different pathogenic bacteria
and fungi.

3. Materials and Methods
3.1. Chemicals and Reagents

Silver nitrate (AgNO3) and all other chemicals for nanoparticle preparation were pur-
chased from Sigma-Aldrich (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). The
materials for bacterial and fungal cultures were purchased from Thermo Fisher Scientific
(Thermo Fisher Scientific, Waltham, MA, USA).

3.2. Preparation of Aqueous GSE

The red grape was purchased from a local market in Saudi Arabia and classified at
the department of Botany and Microbiology, Faculty of Science, King Saud University,
Riyadh, Saudi Arabia. The fruit diameter was about 6 mm, reddish with pale wax bloom.
It was classification as Vitis vinifera L., a member of the Vitaceae or Grape family. The seeds
were collected, gently washed, air dried, ground by an electric miller, and stored at room
temperature (25 ◦C) until use. An amount of 20 g of the powder was dissolved into 200 mL
of ultrapure water, vortexed, and boiled for 15 min. After cooling, the extract was filtered,
centrifuged, and the supernatant was collected. The supernatant was yellowish-brown and
stored at 4 ◦C for future use.

3.3. Microorganisms

Both of the previously identified bacterial and fungal strains were obtained from the
department of Plant Protection, College of Food and Agricultural Sciences, King Saud
University. Four bacterial strains were used for the preliminary studies, S. aureus, E. coli,
B. subtilis, and P. aeruginosa. The fungal strains were F. solani, F. oxysporum, H. rostratum,
and A. alternata.

3.4. Bio Synthesis of Silver Nanoparticles of GSE

The preparation of AgNO3 loaded with aqueous GSE (GSE-AgNPs) was described
by Xu et al. 2015 [11]. Briefly, 20 mL of 1 mM aqueous solution of AgNO3 were mixed
with 1 mL (200 mg/mL) of GSE extract and boiled at 95 ◦C for 10 min. The new solution
of synthesized GSE-AgNPs turned into lighter brown as compared to the light-yellow
un-boiled solution of GSE.

3.5. Characterization of Synthesized GSE-AgNPs
3.5.1. UV Spectroscopy

UV-visible spectrophotometer (Shimadzu, Tokyo, Japan) was used for the characteriza-
tion of GSE-AgNPs. The reduction of pure Ag+ ions was checked at 200–800 nm by UV-2450
double-beam according to the manufacturer’s instructions, as described previously [49].
The experiment was performed in triplicates.

3.5.2. Dynamic Light Scattering (DLS) Analysis

To measure the stability of the colloidal nanoparticles, it is important to measure their
effective surface charge or zeta potential, which reflects their surface energy [50]. To detect
the particle size distribution, it is important to use the DLS technique, which will calculate
the PDI and Z-Average, which refers to the width of the overall distribution and the size
distribution by intensity of the specific particle, respectively [51]. In the current study,
DLS was used to measure the PDI and Z-Average by the Zetasizer (Malvern Panalytical,
Malvern, UK), according to the manufacturer’s instructions.
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3.5.3. Field Emission Scanning Electron Microscopy (FE-SEM)

The FE-SEM technique by JEOL JEM-2100 microscope (JEOL, Peabody, MA, USA) was
used to investigate the external morphology and physical characteristics of the synthesized
nanoparticles, as described previously [52]. Briefly, a drop of nanoparticle suspensions
with a volume of 8 µL was placed onto 200 mesh grids with a carbon support film (Agar
Scientific, London, UK), rinsed with ethanol and air-dried. Then, the sample was fixed on
an appropriate SEM holder and the images were taken at an accelerating voltage of 15 kV
using JEM-2100 optic system (JEOL, Peabody, MA, USA). The experiment was performed
in triplicates.

3.5.4. Transmission Electron Microscopy (TEM)

The TEM technique by JEM-1011 transmission electron microscope (JEOL Ltd. Inc.,
Tokyo, Japan) was used to confirm the crystalline structure of the synthesized nanoparticles.
The preparation and processing of slides were according to the manufacturer’s instructions,
as described previously [53].

3.5.5. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR analysis is a powerful analytical technique that is used for the identification (or
confirmation) of any unknown material. It works through the radiation of the sample by
an infrared radiation of 10,000 to 100 cm−1, which causes vibration (or rotation) that can
be further detected on a pyroelectric detector at the range of 400–4000/cm. The resulting
spectrum is unique to each material and is represented as a number of particular descending
peaks of a particular wavenumber, which represent specific functional groups [54]. In
the current study, FTIR spectroscopy was used to analyze the components of the newly
synthetized GSE-AgNPs to confirm its composition. A dedicated FTIR spectrometer
(Nicolet 6700 FTIR Spectrometer, Waltham, MA, USA) at the range of 500–4000/cm was
used. The experiment was performed in triplicates.

3.5.6. Gas Chromatography/Mass Spectrometry Technique (GC/MS)

The GC/MS analysis was performed by using a dedicated thermo-gas chromato-
graph/mass spectrometer (model Shimadzu 2010) equipped with Rtx-5MS capillary col-
umn (30 m long, 0.25 mm in diameter, film thickness of 0.25 µm). The carrier gas was
helium and the maximum usable temperature was 280 ◦C. The data were analyzed us-
ing the libraries of National Institute of Standards and Technology (NIST) database
https://www.nist.gov/ (accessed on 20 May 2021) and Wiley Registry of Mass Spec-
tral Data https://sciencesolutions.wiley.com/solutions/technique/gc-ms/wiley-registry-
of-mass-spectral-data-12th-edition/ (accessed on 20 May 2021). The experiment was
performed in triplicates.

3.6. Determination Antimicrobial Activity
3.6.1. Determination of Antibacterial Activity

The antibacterial activity was evaluated by measuring the zone of inhibition for each
bacterial culture by the agar disk-diffusion method, as described previously [55]. Briefly, the
bacterial strains were cultured on the Mueller–Hinton Agar (MHA) for 24 h at 37 ◦C, then
two colonies of each plate were transferred to a tube of 10 mL distilled water and mixed
thoroughly to maintain uniform distribution. Using sterile swabs, 0.2 mL of bacteria strain
(2.5 × 105 CFU/mL) was swabbed uniformly onto individual MHA plate and allowed
to dry for ten min. Four plates were prepared for each bacterium to test GSE, AgNO3,
GSE-AgNPs, and one plate for distilled water to be used as negative control, separately.

The disk-diffusion method was applied by forming of adequately spaced wells (holes)
of 4 mm diameter at the culture agar surface using a sterile metal cork borer. For control
plates, a negative control was used. To test GSE, three wells were formed, supplied with
0.2 mL of three different concentration of the GSE extract (100%, 50%, & 10%). For AgNO3,
GSE-AgNPs, and control plates, a single well/plate was formed and treated with 0.2 mL

https://www.nist.gov/
https://www.nist.gov/
https://sciencesolutions.wiley.com/solutions/technique/gc-ms/wiley-registry-of-mass-spectral-data-12th-edition/
https://sciencesolutions.wiley.com/solutions/technique/gc-ms/wiley-registry-of-mass-spectral-data-12th-edition/


Molecules 2021, 26, 6081 13 of 16

of either water, AgNO3, or GSE-AgNPs. All plates were kept under aseptic conditions,
at room temperature, for one hour, to allow the agents to diffuse into agar medium.
Subsequently, the plates were incubated for 24 h at 37 ◦C. At the end of the incubation
period, the inhibition zones, the area surrounding the hole with no growth of inoculated
microorganisms, were measured to the nearest millimeter, as described before [56]. The
zone of inhibition was measured by ImageJ version 1.51j8 (National Institutes of Health
(NIH), Bethesda, MD, USA) https://imagej.nih.gov/ij/ (accessed on 1 May 2021) at the
scale of 2.61 pixels/mm. All experiments were performed in triplicates.

3.6.2. Determination of Antifungal Activity

The antifungal activity was assessed by the agar well diffusion method described
by Daoud et al. 2019, with slight modification [57]. Briefly, potato dextrose agar (PDA)
media (20 gm dextrose, 15 gm agar, 4 gm potato starch, 40 mg chlortetracycline, 25 mg
chloramphenicol, and 1.4 gm tartaric acid) was prepared by boiling for 15 min at 121 ◦C
in one liter of distilled water (pH 3.5 at 25 ◦C) with mixing to dissolve. The mixture was
cooled to 55 to 60 ◦C followed by mixing with either GSE, AgNO3, GSE-AgNPs, or distilled
water (negative control), then an appropriate amount from each PDA/antifungal agent
was poured in a separate Petri dish and kept in sterile atmosphere until solidification.
Later, a flint hole of 1 cm diameter was formed by a sterile metal cork borer at the center
of the plate, then the fungus strains were added by direct plating. The mycelial growth
inhibition was determined by measuring of the colony’s diameter after seven days. The
mycelial growth was measured by ImageJ version 1.51j8 (National Institutes of Health
(NIH), MD, United States) https://imagej.nih.gov/ij/ (accessed on 1 May 2021) at the scale
of 2.61 pixels/mm. All experiments were performed in triplicates.

3.7. Statistical Analysis

The statistical analysis was performed by dedicated software (Minitab 2018, State
College, PA, USA). Means and standard deviations were calculated for all quantitative
data. One-way ANOVA was used to assess the significance levels of results at p < 0.05.

4. Conclusions

The current study showed the strong antimicrobial activities of aqueous GSE and the
biosynthesized GSE-AgNPs against different Gram-positive, Gram-negative, and fungi
species. The novelty of this work is that it is the first reporting/demonstration of antifungal
activity of GSE-AgNPs and of the fungicidal activity of GSE or GSE-AgNPs against the
red spot fungus H. rostratum. However, more studies are needed to investigate and
demonstrate the antimicrobial activities of the most active constituents of grape seed and
other grape-products.
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